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The source process of two normal-fault earthquakes, the 3 February 2002, M6.3 Afyon, Turkey and the 7 September 1999, M5.9 
Athens, Greece earthquakes are studied using regional, teleseismic and strong motion data. Detailed information derived from 
teleseismic waveform modeling and source time functions inversions are combined and used to forward model recorded strong ground 
motion. Both events presented evidence for emergence of strong directivity effects during their rupture, which greatly affected the 
distribution of strong ground motion. These results are indicative of the contribution of the source factor to the distribution of 






During the last few years, the number of slip distribution 
studies has greatly increased, providing valuable information 
on the rupture process of large earthquakes. Such information 
is of great importance in engineering practice and especially in 
understanding the strong ground motion in the proximity of 
large faults.  
 
Despite the large number of the so far published slip 
distribution studies, little is known about the source process of 
normal-fault earthquakes. This paper provides some first 
results on the rupture mechanism of two recent normal-fault 
earthquakes that occurred in the wider Aegean area. The first 
earthquake occurred in 1999, close to the Greek metropolitan 
city of Athens and despite its moderate magnitude (M5.9), it is 





century in Greece. The second earthquake occurred in 2002, 
near the city of Sultandag in Turkey and caused significant 
damage in many nearby cities (e.g. Cay, Afyon). 
   
 





The September 7, 1999 Athens earthquake occurred on a 
normal fault which was located within a few kilometers from 
the center of the metropolitan city of Athens, the capital of 
Greece. Despite its moderate size (M5.9) the earthquake 
caused extended damage, mainly concentrated at the N-NW 
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suburbs of the city (Fig. 1.). 143 people were killed in 30 
residential and industrial building collapses, while reported 
injuries were as high as 2000. 
 
The earthquake was well recorded by at least 15 accelero-
graphs installed within 30 km from the epicenter. Neverthe-
less, all instruments were concentrated around the center of 
Athens, to the SE of the seismogenic fault and none of them 
was installed within the meizoseismal area. Therefore, the 
primary target of both seismological and engineering studies 
has been the realistic estimation of strong ground motion 
levels within the heavily affected area and the identification of 
the factors that contributed the most to the irregular 
distribution of damage. Among such factors, local soil 
conditions, topographic relief and rupture directivity effects 
are believed to have played the most important role during the 
Athens earthquake (Anastasiadis et al., 1999; Marinos et al., 
1999; Gazetas, 2001; Bouckovalas and Kouretzis, 2001, 
Tselentis and Zahradnik, 2000; Roumelioti et al., 2003). In the 
present study we examine in detail the contribution of the 





Fig. 1. Regional map showing the September 7, 1999, 
Mw=5.9, epicenter, the earthquake’s focal mechanism, the 
mapped Fili fault, which was related to the earthquake 




The slip distribution during the 1999 Athens earthquake has 
already been studied, through the use of regional waveforms 
recorded by the Greek broadband national network (Baumont 
et al., 2002; Roumelioti et al., 2003). In the present study we 
employ the slip model proposed by Roumelioti et al. (2003) 
and estimate its effect on the distribution of strong ground 
motion and consequently on the distribution of damage. The 
employed model is depicted in Fig. 2. According to 
Roumelioti et al. (2003), during this earthquake slip was 
concentrated mainly in two patches. Around 50% of the total 
slip occurred at depth greater than the hypocentral depth, 
indicating downward rupture propagation, while 25% of the 
total slip was concentrated at a shallower patch. The shallow 
slip patch appears elongated in a direction parallel to the fault 
strike and was proven to be responsible for the emergence of 





Fig. 2. Slip distribution during the Athens earthquake 
obtained from a source time function  inversion. Contours are 
for 10 cm of slip. Star denotes the hypocentral location and 
dotted frames the areas of maximum concentration of slip 
(from Roumelioti et al., 2003). 
 
 
Stochastic Simulation of Strong Ground Motion 
 
The slip distribution model presented in Fig. 2. was used to 
reproduce observed strong ground motion records by the 
stochastic method for simulating strong ground motion from 
finite faults (Beresnev and Atkinson, 1997). The method 
involves discretization of the fault plane into smaller subfaults, 
each of which is assigned an ω-2 spectrum. The contribution 
from all subfaults are then empirically attenuated to the 
observation site and summed to produce the synthetic 
acceleration time history (see Beresnev and Atkinson, 1997, 
for a detailed description of the applied method).  
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The approach followed in this study consists of two steps. 
Model validation is the first step of the analysis. We use the 
stochastic finite-fault technique to simulate the observed 
acceleration records at “free-field” stations, to calibrate the 
free parameters of the model and test the performance of those 
kept at fixed values according to the slip distribution model 
shown in Fig 2. (e.g. fault geometry, rupture initiation point, 
slip distribution). The second step applies the calibrated model 
to compute synthetic accelerograms at grid points (distance 
between successive grid points is set to 0.02°) that cover the 
wider epicentral area. The synthetic peak values are then used 
to compute a peak ground acceleration (pga) map of the wider 
area.  
 
Among the accelerographs that recorded the earthquake, only 
three can be practically considered as “free-field” stations. 
Information on these three stations, such as their coordinates, 
epicentral distance, R, and recorded pga values are given in 
Table 1. The model validation procedure included forward 
simulations of the recorded accelerograms at these three 
stations. Site effect was taken into account through the use of 
site-specific amplification functions estimated by the 
Horizontal to Vertical Spectral Ratios method. The parameters 
of the stochastic model that gave the best fit to all three 
stations are presented in Table 2. A representative example (at  
 
Table 1: Information on the strong motion stations used to 
















       
DMK 37.99 23.82 26 0.05 0.08 0.04 
KEDE 37.98 23.72 19 0.26 0.30 0.16 
SPLB 38.00 23.71 17 0.32 0.31 0.19 
 
Table 2: Parameters used in the stochastic simulations of  
strong ground motion from the 1999 Athens earthquake. 
 
Parameter Athens Earthquake 
  
Fault Orientation Strike 115°, Dip 57° 
Fault dimensions (Km) 14 × 16 
Moment magnitude (M) 5.9 
Stress parameter (bars) 50 
Subfault dimensions (Km) 1.0 × 1.0 
Crustal S-wave velocity (Km/sec) 3.4 
Crustal density (gr/cm3) 2.72 
Distance-dependent 
duration term (sec) 
Duration equal to 
source rise time 
Geometric spreading 1/R 
Q(f) 100.0 × f0.8 
Windowing function Saragoni-Hart 
Kappa operator 0.035 (rock), 0.05 (stiff soil) 
 
station KEDE) of the goodness of fit between synthetic and 
observed motions is presented in Fig. 3. and Fig. 4. In Fig. 3. 
the two observed horizontal acceleration records are compared 
to the random horizontal component estimated by the 
stochastic method. In Fig. 4. Fourier amplitude and response 
acceleration spectra of the observed and synthetic components 
are also compared. The match between observed and 
simulated motions is satisfactory both in the time and in the 
frequency domain. Results at the remaining two validation 





Fig. 3. Comparison of the horizontal acceleration time 
histories recorded at station KEDE during the 1999 Athens 
earthquake (top and center) with the simulated accelerogram 
by the stochastic method. 
 
                                                 
  
 
Fig. 4. Comparison between observed (continuous lines) and 
simulated (dotted lines) Fourier amplitude spectra (left) and 




The validated model was subsequently used to compute 
synthetic accelerograms at a large number of grid points 
(1200). Synthetics were computed for rock site conditions. In 
other words, we did not include any modeling of the site 
effect, as we wanted to isolate the effect of the source. The pga 
map that resulted from the peak values of the synthetic 
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accelerograms is presented in Fig. 5. The synthetic pga map 
suggests that strong motion during this earthquake did not 
exceed 0.35g at the base. Maximum values are observed along 
the fault strike and within the projection of the fault plane at 
the surface. Furthermore, a significant increase is observed 
towards the meizoseismal area, which is more pronounced 
close to the area of Thrakomakedones. 
 
The same simulated accelerograms were used to compute 
synthetic spectral acceleration maps. In Fig. 6. we present a 
representative example map, which corresponds to period 
T=0.2 sec. The increase of the spectral values towards the 
heavily damaged areas is very clear, especially at this specific 
period. This result is of great significance since most of the 





Fig. 5. Synthetic pga map for the wider epicentral area of 
Athens earthquake. The centers of heavily affected areas (Ano 
Liosia, Thrakomakedones, Menidi) and the center of Athens 





Fig. 6. Synthetic spectral acceleration map for period T=0.2 
sec. The locations of the most heavily damaged areas relative 
to the fault are also shown. 
 
Furthermore, site effect analysis at different sites within the 
meizoseismal area revealed a significant amplification at the 
same period range (Gazetas et al., 2001). Therefore, the high 
level of damage in this area is probably due to destructive 
combination of increased levels of strong ground motion due 
to rupture directivity effects and further amplification due to 
the local geology.       
 
 




The Afyon earthquake (M6.3) occurred on February 3, 2002 at 
07:11 UTM causing considerable damage and casualties at the 
towns of Afyon, Sultandagi, Cay, Bolvadin and other small 
nearby towns. The mainshock, which was related to the 
Sultandag fault zone, was followed by another strong event of 
magnitude M6.0, which is considered as a second mainshock 
(Fig. 7). The first earthquake was located at the eastern part of 
the Sultandag fault, while the second one occurred close to the 
fault’s western termination. This fact, in combination with the 
intensity distribution (larger intensities towards NW, http://-
www.koeri.boun.edu.tr) implies westward rupture propagation 
for the first, larger event. In the present paper we examine in 
more detail the rupture process during the Afyon earthquake 











Fig. 7. Regional map showing the epicentres of the two strong 
shocks in Afyon area, as well as epicentres of some of the 
largest aftershocks. The surface trace of the Sultandag fault is 
also depicted.  
 
Teleseismic Waveform Modeling  
 
Method. The technique of body-waveform modelling, 
described in detail by Nábelek (1984) and McCaffrey et al. 
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(1991), was used to calculate the focal mechanism of 
September 3, 2002 Afyon earthquake. The employed data 
consist of P and SH waveforms from stations of the Global 
Seismograph Network (GSN). All waveforms have a sampling 
frequency of 1 Hz and were recorded at epicentral distances 
ranging from 300 to 900 (teleseismic distances). The applied 
method and procedures have been extensively described in 
past papers (e.g. Kiratzi and Louvari, 2001; Benetatos et al., 
2002) and therefore we will only present a brief description of 
it.  
 
We used the MT5 version of McCaffrey & Ambers (1988) 
algorithm to invert P and SH waveform data in order to obtain 
the strike, dip, rake, centroid depth, seismic moment and 
source time function of the examined event. The method 
assumes that the source can be represented as a point (the 
centroid) in space, although not in time. The time history of 
the displacement on the fault is represented by a source time 
function made up of a series of overlapping isosceles triangles, 
whose number and duration are defined by the user. The 
inversion routine yields amplitudes for each triangular shape. 
Amplitudes were corrected for the geometrical spreading, the 
epicentral distance (Langston and Helmberger, 1975), and the 
attenuation using Futterman’s (1962) operator with t*=1 sec 
for P- and t*=4 sec for SH-waves. The inversion adjusts the 
relative amplitudes of the source time function elements, the 
centroid depth, the seismic moment and the source orientation 
(strike, dip, rake) to minimize the misfit between observed and 
synthetic seismograms. We refer to this solution as the 
“minimum misfit solution”.  
 
The covariance matrix associated with the “minimum misfit 
solution” usually underestimates the true uncertainties 
associated with the source parameters. To find more realistic 
uncertainties, we followed the approach of McCaffrey and 
Nábelek (1987) and Molnar and Lyon-Caen (1989) by fixing 
some of the source parameters at values close to, but different 
from those of the “minimum misfit solution” and allowing all 
the other parameters to vary during the inversion. The errors 
are determined by visually examining when the match of the 
observed to synthetic seismograms significantly deteriorates. 
 
Application – Results. We used 19 P- and 18 SH- waves in 
order to compute the fault plane solution of Afyon earthquake. 
A single point-source representation of the source was initially 
adopted but it was proven inadequate to achieve satisfactory 
fit between observed and synthetic waveforms. Therefore we 
divided the main event into two subevents and repeated the 
inversion procedure. Distance, azimuth and time difference 
between the two subevents were defined by trial-and-error 
during our inversions. Our preferred solution using two 
sources is presented in Fig. 8 and the parameters of the 
solution along with their uncertainties are given in Table 2. 
The azimuthal coverage over the focal sphere is very good and 
the fit between observations and synthetics is very satisfactory 
for both P- and SH- waves. 
 
Both subevents yielded mechanisms representative of normal 
faults with a significant strike slip component, which is 
consistent with the regional stress field. Based on geological 
observations and the damage distribution pattern it is most 
probable that the seismogenic planes are the one dipping 
towards northeast for the first subevent and the north-dipping 
one for the second subevent. According to preliminary 
earthquake reports published by Kandilli Observatory and 
Earthquake Research Institute (www.koeri.boun.edu.tr), 
rupture started from the eastern part of the fault and 
propagated towards west, causing the emergence of directivity 
effects. A change in strike similar to the one suggested by the 
teleseismic results is also observed on the mapped Sultandag 
fault. More specifically, the eastern part of the fault appears to 






Fig. 8. Teleseismic waveform modeling results: Comparison 
between observed (solid lines) and synthetic (dashed lines) P 
and SH long-period waveforms. The estimated strike, dip and 
rake (in degrees), the depth (in km) and the seismic moment 
(in N⋅m)   are shown for both subevents at the top of the figure. 
Stations are ordered clockwise by azimuth and the station 
code of each waveform is accompanied by a letter 
corresponding to its position within the focal sphere. Vertical 
bars show the inversion window. The employed source time 
function and the waveform time scale are depicted at the 
centre of the figure. Waveform amplitude scales (in microns) 
are shown to the left of the focal sphere.  
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The shape of the source time function (STF) of Afyon 
earthquake implies the existence of two distinct areas of 
moment release. A moment release of about 7.5·1017 Nt.m is 
followed by the predominant moment release, which is of the 
order of 3.1·1018 Nt.m. It seems that the NW-SE oriented part 
of the fault ruptured first and then, as rupture propagated 
towards west, it activated the E-W striking part of the fault. 
The first pulse of the STF has a duration of ~4 sec and the 
second one of ~9 sec. The time difference between these two 
pulses is almost ~8 sec. The second subevent was located at 
~20 Km NW from the first one. This means that the 
predominant moment release occurred close to the western 
termination of the Sultandag fault. The depth of the first 
subevent was ~19km and of the second one ~8 km. 
Preliminary source time functions that we obtained from 
regional data based on the empirical Green’s function 
technique present similar characteristics with the one 
estimated from teleseismic data. They also imply the existence 
of two distinct areas of moment release, the first one being 
smaller than the second one.  
 
Table 2. Source parameters of the February 3, 2002 Afyon 
earthquake derived from teleseismic waveform modeling (two 
subevents) and regional waveform modeling. The numbers in 
the brackets indicate the lower and upper bounds of the 













    
M 
 5.9 6.4 6.3 
M0×1018 





Strike (°) 315 275 (-10/+15) 271 
Dip (°) 74 54 (-15/+10) 41 
1st 
Plane 
Rake (°) -49 -43 (-15/+25) -108 
Strike (°) 63 34 115 
Dip (°) 43 57 52 2
nd 
Plane 
Rake (°) -156 -135 -75 
 
Taking into account the so far derived information for the 
Afyon earthquake, the concentration of damage mostly to the 
west of the activated fault can be attributed both to static and 
dynamic effects. Dynamic effects include the unilateral 
rupture of the fault from east to west, which led to the 
emergence of directivity effect towards W-NW, e.g. towards 
the town of Afyon. Static effects probably include larger 
amount of slip, related with the correspondingly larger 
moment release, close to the western termination of  the 
Sultandag fault (e.g. close to the town of Cay). 
 
For further constrain of the inversion solution we applied the 
first-motion technique on the polarities observed at stations 
lying at epicentral distances of 0°-30°. The mechanism of the 
second subevent was adopted as the representative mechanism 
of Afyon earthquake and was compared to the results of the 
first-motions polarity. The results from both short-period and 
broadband stations are shown in Fig. 9. As can be concluded, 
first motion polarities from both types of stations are in good 





Fig. 9. Polarity of first-motions recorded at stations located at 
epicentral distances between 0° and 30°. First motions at 
different stations are shown inside the rectangles surrounding 
the focal sphere. Polarities are shown for both short-period 
(upper part) and broadband stations (lower part). 
 
 
CONCLUSIONS - DISCUSSION 
 
Two normal-fault earthquakes, namely the 1999 Athens and 
the 2002 Afyon (Sultandagi) earthquakes were examined in 
terms of their rupture processes and their effect on the 
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distribution of damage. Both earthquakes revealed evidence 
for strong rupture directivity effects, which strongly affected 
the distribution of strong ground motion and consequently the 
shape of the damage pattern.  
 
In the case of the Athens earthquake, a specific slip 
distribution model was used in combination with the 
stochastic method for simulating strong ground motion from 
finite faults. The model was first validated against observed 
accelerograms at three “free-field” stations and then used to 
produce synthetic pga and maximum spectral acceleration 
maps. The resulting maps indicate that rupture process during 
the Athens earthquake affected both the peak amplitudes and 
the spectral content of strong ground motion within the 
heavily affected area. The maximum directivity effect was 
observed around 0.2 sec, close to the resorances of most of the 
damaged buildings. 
   
The source parameters of the Afyon earthquake were 
investigated using teleseismic data. Two subevents were 
required to adequately match the observed waveforms. 
Concequently, the source time function of the event was found 
to consist of two lobes, the first one being smaller than the 
second one. Combination of our results with the epicenter 
locations implied initiation of the rupture from the eastern part 
of the Sultandag fault, in a SE-NW direction. This part of the 
rupture was related to the small moment release. Rupture 
continued towards west, causing directivity effects and 
releasing the largest amount of moment in an almost E-W 
direction. 
 
The strong source effect of the two examined earthquakes on 
the distribution of strong ground motion underlines the 
importance of incorporating realistic scenarios of the rupture 
process in simulations of strong ground motion from future 
earthquakes. Recent studies on the categorization of slip 
distribution characteristics of past earthquakes provide useful 
information for determining such scenarios (e.g. Sommerville 
et al., 1999). Nevertheless, more information on the rupture 
process of normal-fault earthquakes is still needed, in order to 
draw safe conclusions about the existence of systematic 
characteristics in their slip distribution patterns. 
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